The phosphorylation of glucose by human erythrocyte hexokinase follows classical Michaelis-Menten kinetics; hexokinase manifests maximum activity at 5 mM glucose, and no further increase in activity can be measured at higher glucose concentrations. However, the erythrocytes of diabetics and normal erythrocytes incubated with high concentrations of glucose contain increased concentrations of glucose 6-phosphate. To elucidate the mechanism of accumulation of glucose 6-phosphate when erythrocytes are exposed to high glucose concentrations, hexokinase activity was examined in the presence of naturally occurring inhibitors, such as glucose 1,6-bisphosphate, 2,3-diphosphoglycerate, ADP, and glucose 6-phosphate at physiological concentrations. Without inhibitors or in the presence of glucose 1,6-bisphosphate, 2,3-diphosphoglycerate, and ADP, maximum hexokinase activity was observed at 5 mM glucose concentration. On the contrary, in the presence of glucose 6-phosphate, hexokinase activity increased at glucose concentrations >5 mM; inhibition by glucose 6-phosphate was partially competitive with glucose. The relief by glucose of glucose 6-phosphate inhibition of hexokinase is a possible explanation of the increased glucose 6-phosphate level in diabetic erythrocytes.
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The erythrocytes of diabetic patients contain increased levels of the glycohemoglobin hemoglobin Al. The concentration of glucose 6-phosphate has been found to be increased in the erythrocytes of diabetic patients (1-3), and it has been suggested that glucose 6-phosphate may be the precursor of the carbohydrate variety of this glycohemoglobin. The mechanism by which erythrocyte glucose 6-phosphate levels become elevated in diabetics is by no means obvious, however. The human erythrocyte is highly permeable to glucose. Human erythrocyte hexokinase has a very low Km for glucose (50-80 x 10-6 M), and it is saturated with glucose even at normal plasma glucose levels (5 mM). Accordingly, the increase in glucose 6-phosphate concentration in diabetic erythrocytes is obviously not merely the direct result of increased availability of glucose to hexokinase.
It has been proposed that acidemia due to ketoacidosis sometimes seen in severe or untreated diabetics might cause elevation of glucose 6-phosphate levels in the erythrocytes of diabetics, because phosphofructokinase activity is inhibited by the lower pH (4 (9) . Three hundred milliliters of blood was freed of leukocytes and platelets by passing through a cellulose column (10) , and the erythrocytes were washed 3 times with isotonic saline. The packed erythrocytes were lysed with 1 vol of 0.4% saponin in H20 for 1 hr. The hemolysate was mixed with 0.5 vol of 501% suspension of DEAE-cellulose (DE52) equilibrated with 10 mM potassium phosphate buffer (pH 7.3) containing 3 mM 2-mercaptoethanol, and 3 mM NaF. After washing with the same buffer, the enzyme was eluted with 500 mM potassium phosphate buffer (pH 7.3) containing 3 mM 2-mercaptoethanol, 3 mM NaF, and 10% (NH4)2SO4. Solid ammonium sulfate was added to the enzyme solution to 75% saturation. After standing overnight at 4TC the precipitate was collected by centrifugation, was dissolved in 10 mM potassium phosphate buffer (pH 7.3) containing 3 mM 2-mercaptoethanol and 3 mM NaF, and was dialyzed against the same buffer. The dialyzed solution was applied to a DEAE-cellulose column (0.8 x 23 cm) equilibrated with the same buffer. The column was washed with the same buffer and then with the same buffer containing 10 mM KCN. Elution of the enzyme was performed with a 500-ml linear gradient of 0-500 mM KCI in the same buffer containing 10 mM KCN. Fractions of 5.5 ml were collected and assayed for hexokinase, glucose-6-phosphate dehydrogenase, glucose-phosphate isomerase, and adenylate kinase (11) . The fractions containing hexokinase activity and free ofglucose-6phosphate dehydrogenase, glucose phosphate isomerase, and adenylate kinase were pooled and concentrated by ultrafiltration. The enzyme was stored at -20TC in 10 mM potassium phosphate buffer (pH 7.0) containing 3 mM 2-mercaptoethanol, 3 Fig. 1 shows the effect of high concentrations of glucose on the inhibition of hexokinase by glucose 6-phosphate using the PK-LDH assay method. Without glucose 6-phosphate, hexokinase activity was maximal at 5 mM glucose and 87.6% ± 1.5% (mean ± SEM) of the Vma at 0.5 mM glucose; glucose concentrations >5 mM resulted in no increase of activity. Since the Km for glucose is 50-80 x 10-6 M, these findings were in perfect agreement with the predicted value from the Michaelis-Menten equation, indicating the accuracy of the method used here. It is clear that hexokinase is completely saturated at 5 mM glucose. In the presence of glucose 6-phosphate, on the contrary, the activity is slightly, but significantly increased at glucose concentrations >5 mM. These results indicate that hexokinase inhibition by glucose 6-phosphate is partially relieved by high concentrations of glucose. The data have been replotted in the inserted figure to provide insight into the relationship between glucose concentration and inhibition by glucose 6-phosphate. The curves obtained suggest the presence of a mixed type of inhibition (12) .
Using the standard assay, hexokinase activity in the absence and presence of glucose 1,6-bisphosphate, 2,3-diphosphoglycerate, and ADP at various glucose concentrations was examined (data not given). In the absence of inhibitors, hexokinase activity reached its maximum activity at 5 mM glucose; higher glucose concentration resulted in no increase of activity. In the presence of physiological concentrations of glucose 1,6-bisphosphate (200 ,uM), 2,3-diphosphoglycerate (5 mM), and ADP (1 mM), hexokinase activity also plateaued at 5 mM and higher glucose concentrations, indicating that a high concentration of glucose is not competitive with the action of these inhibitors. These findings are consistent with previous reports (7, 8) . At DISCUSSION The elevated glucose 6-phosphate level that has been found in the erythrocytes of diabetics can also be documented in normal erythrocytes that are incubated in vitro with high concentrations of glucose under conditions of carefully controlled pH. Thus, it cannot be due to any of the variables that are incidental to the diabetic state. If the accumulation of glucose 6-phosphate were due to inhibition of glucose phosphate isomerase, phosphofructokinase, or other glycolytic enzymes, a decrease in metabolic intermediates downstream from the inhibited step would be expected, but no such crossover has been detected in vivo (1, 3) . Thus, it seemed most likely that enhanced phosphorylation of glucose was responsible for the increased level of glucose 6-phosphate that occurred at high glucose concentrations. Since hexokinase was fully saturated with glucose even at a concentration of 5 mM, and since the enzyme normally functions under circumstances when it is under marked inhibition, relief of inhibition by glucose seemed a likely answer to the problem. To our knowledge, however, no effect of high glucose concentration on the inhibitory kinetics of the enzyme had been reported previously. Using the standard assay system, we found the inhibitory effect of glucose 1,6-bisphosphate, 2,3-diphosphoglycerate, and ADP unaffected by glucose. The effect of glucose on inhibition by glucose 6-phosphate was more difficult to study, because it is this product of the reaction that is measured in the standard assay system. An assay was used in which the formation of ADP was estimated. In using this approach, the accuracy of measurement of initial reaction velocity was of critical importance because during the reaction, glucose 6-phosphate accumulates rapidly, making it difficult to obtain a linear reaction rate. Only 0.004 unit of hexokinase per ml was used and the reaction was recorded for only 3 min. These modifications and using mean values obtained from several experiments made it possible to obtain reliable results.
The partial relief of hexokinase inhibition by glucose 6- phosphate shown in our present work, although small, is probably sufficient to account for the modest accumulation of glucose 6-phosphate in the erythrocytes of diabetic patients. The exact steady-state concentration of glucose 6- phosphate in erythrocytes cannot readily be computed, because it is a function not only of hexokinase activity, but also of the activities of phosphofructokinase and probably, to a limited extent, of glucose-6-phosphate dehydrogenase. These activities, in turn, are controlled not only by their substrates, but also by effectors including 2,3-diphosphoglycerate, ATP, ADP, NADP, and NADPH. The glucose-6-phosphate dehydrogenase reaction depends primarily on the availability of NADP and, hence, is not expected to be greatly affected by an increase in the glucose 6-phosphate level of the erythrocytes. However, at physiological substrate concentrations, phosphofructokinase activity is strongly dependent on the level of fructose 6-phosphate, which, through glucose phosphate isomerase, exists in a 1:3 equilibrium mixture with glucose 6-phosphate in erythrocytes. Thus, the rate of removal of glucose 6-phosphate would be dependent on its rate of formation and a new steady state would be expected at glucose 6-phosphate levels that are roughly dependent on the rate of glucose 6-phosphate formation by hexokinase. The increase in hexokinase activity when the glucose concentration was increased from 5 to 40 mM at a 30 pM concentration of glucose 6-phosphate was 5.5%. By comparison, the increase in the glucose 6-phosphate level found in intact erythrocyte incubated at 30 mM glucose when compared with 5 mM glucose was 18.6%. Thus, the increases in hexokinase activity and of glucose 6-phosphate levels were found to be of a similar order of magnitude. These considerations indicate that our findings are consistent with the mechanism that we propose to account for the increased level of glucose 6-phosphate in erythrocytes exposed to high glucose concentrations.
